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INTRODUCTION 
The packing of  p a r t i c l e s  f o r  maximum d e n s i t y  is a problem o f  great im-  
w r t a n c e  i n  ceramic processing and powder metal lurgy,  b u t  i t  is even more 
c r i t i c a l  i n  t h i c k  f i l m  conductors because of t he  -Jery l o w  compacting pressur-  
es exe r t ed  du r ing  s c r e e n  p r i n t i n g .  The f i r e d  f i l m  d e n s i t y ,  and hence t h e  
e l e c t r i c a l  r e s i s t i v i t y ,  is i n t i m a t e l y  r e l a t e d  t o  t h e  d e n s i t y  of  t h e  metal 
compact which e x i s t s  a f t e r  t h e  o rgan ic  c o n s t i t u e n t s  of t h e  ink  have been re- 
moved i n  t h e  e a r l y  stages of  f i r i n g .  This  green d e n s i t y  is even more im- 
po r t an t  i f  t h e  f i r i D g  cannot be  c a r r i e d  o u t  a t  a s u f f i c i e n t l y  high temper- 
a t u r e  due to l i m i t a t i o n s  imposed by the  s u b s t r a t e .  The coord ina t ion  number 
(CN) and the  f r a c t i o n a l  p o r o s i t y  (P) f o r  t he  packing of s p h e r i c a l  p a r t i c l e s  
is shown on page 2 f o r  v a r i o u s  geometries.  The case of  random packing is of 
most i n t e r e s t ,  and previous workers have d i s t i n g u i s h e d  two types  - dense and 
loose rai-'om packing. The coord ina t ion  numbers shown on pap,e 2 f o r  t h e s e  two 
cases  we! experimental ly  obtained as were the  p o r o s i t y  numbers. The porosi-  
t y  of 0 . 3 6 3  a l s o  given f o r  dense random packing, w a s  ob ta ined  by computer 
s imulat ion.  
THEORETZCAI MODELS -- 
A d i s t r i b u t i o n  of particle s i z e s  can b e  used t o  dec rease  t h e  p o r o s i t y  
a s s o c i a t t d  with packing of  monosized spheres .  The two primary approaches 
t h a t  have been taken t o  code l ing  t h i s  problem are shown on page 3. 
apnroach A, a s i n g l e  sphe re  of t h e  l a r g e s t  p o s s i b l e  i z e  is i n s e r t e d  t o  f i l l  
t h e  i n t e r s t i c i e s  i n  t h e  packed bed. 
particles t o  f i l l  t h e  po ros i ty .  The methods of modeling wi th  Approach A 
are given on page 4. Since t h e  experimental  coord ina t ion  numbers ob ta ined  
f o r  random packing are c l o s e  t o  t h a t  c f  body c e n t e r  cub ic  packing, one can 
assume BCC and f i l l  a l l  of t h e  t e t r a h e d e r a l  sites wi th  small spheres .  Since 
t h i s  is a r e g u l a r  geometric packing, t he  r a t i o  of sizes of t h e  sphe res  can 
be e x a c t l y  c a l c u l a t e d  as 0.291. The volume f r a c t i o n  of smaller sphe res  t o  
e x a c t l y  f i l l  a l l  t h e  t e t r a h e d e r a l  s i tes  is 0.129. g iv ing  a p o r o s i t y  f o r  t h e  
two s i z e d  s y s t e m  of 0.219. However, t h e  packing is not  real- ly  body cen te red  
cubic,  and the  b e s t  approach t o  determining t h e  s i z e  and q u a n t i t y  of sphe res  
t o  add is by computer modelinp,. The model developed by approach B is de- 
s c r i b e d  on page 5 .  I f  i t  is assumed t h a t  t t e  second s i z e  sphe re  is very 
small compared to t h e  f i r s t ,  t'ien a l l  of them can go i n t o  t h e  p o r o s i t y  of 
t he  larger spheres .  Since t h e  p o r o s i t y  of  any packed bed depends only on 
t h e  Coordination number, i t  can be assumed t h a t  t h e  f r a c t i c n a l  p o r o s i t y  i n  
mch  i i z e  f r a c t i o n  is  the same. With these two assumntions,  t he  volume 
Vi th  
Approach B i n s e r t s  many very small 
.n of the small s i ze  can b e  c a l c u l a t e d  i n  terms of t h e  p o r o s i t y  for 
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packing of  t h e  l a r g e r  size.  
square of t h e  poros i ty  of one size. 
many d i f f e r e n t  sizes of particles as shown on page 6. 
The f i n a l  p o r o s i t y  t u r n s  o u t  t o  b e  simply t h e  
This model can e a s i l y  be extendea t o  
The r e s u l t s  from applying approach A and approach B t o  two s i z e s  of 
spheres  are summarized on page 7 f o r  d i f f e r e n t  packing geometries of t h e  
l a r g e  s i z e .  
ed cubic  packing. 
random and loose  random packings were c a l c u l a t e d  using t h e  equat ions  on 
page 5 and t h e  appropr ia te  poros i ty  from page 2 f o r  approach B,  and by com- 
puter  modeling f o r  approach A. 
meter of t h e  smaller and t h e  l a r g e r  spheres  should b e  very  small, and f o r  
t h e  l o o s e  random packing, t h i s  ratio should b e  less than 0.006. The o r i g i n  
of t h i s  riumber is descr ibed on page 8 in terms of a h y p o t h e t i c a l  experiment; 
t o  start with a l a y e r  of small spheres  on top  of  a l a y e r  of l a r g e  spheres ,  
and then mix t h e  two  s izes  and c a l c u l a t e  t h e  change i n  volume. A parameter 
y, which is a funct ion  of r a t i o  of p a r t i c l e  sizes,  is int roduced,  and an 
experimental  va lue  of y is u t i l i z e d  t o  c a l c u l a t e  t h e  poros i ty  i n  terms of t h e  
r a t i o s  of s o l i d  volumes and r a t i o s  of s o l i d  diameters .  This equat ion is 
p l o t t e d  on page 9 as t h e  poros i ty  as a f u n c t i o n  of volume f r a c t i o n  with size 
r a t i o  as a parameter. A t  t h e  optimum volume f r a c t i o n ,  t h e  p o r o s i t y  is 0.16 
as predic ted  f o r  loose  random packing i f  t h e  r a t i o  d2/d1 is zero. If t h i s  
r a t i o  is 0.006, t h e  poros i ty  becomes 0.17. Previous researchers  have s t a t e d  
tkat t h e  approach B model can b e  u t i l i z e d  as long as t h e  r a t i o  of s i z e s  is 
less than 0.2,  but  t h e  p l o t  on page 9 shows t h a t  t h e  c o r r e c t i o n  a t  0.2 is 
very la rge .  A d i f f i c u l t ; .  wi th  e i t h e r  approach A or B is t h e  uniformity 
of mixing of t h e  two s i z e s ,  and t h i s  problem has  been addressed by introduc-  
i n g  a mixedness parameter (N) a s  descr ibed on page 10. Values of M can 
only be obtained experimental .  
The c a l c u l a t i o n s  are exact f o r  t h e  s imple cubic and body center -  
The volume f r a c t i o n s  and p o r o s i t i e s  given f o r  t h e  dense 
For approach B, t h e  r a t i o  between t h e  dia-  
There are some s p e c i a l  problems i n  applying t h e  t h e o r e t i c a l  models t o  
th ick  f i l m  conductors as l i s t e d  on page 12. No one has  s t u d i e d  t h e  mixed- 
ness  parameter f o r  r o l l  m i l l  blending of t h i c k  f i l m  inks ,  so no va lues  a r e  
a v a i l a b l e  f o r  c o r r e c t i o n  f a c t o r s .  For a l l  t h i c k  f i l m  conductors,  a t  least 
one a d d i t i o n a l  phase is added i n  order  t o  develop adequate adhesion to t h e  
s u b s t r a t e .  Even though t h e  g l a s s  f r i t  o r  base metal oxides  are present  i n  
small concent ra t ions  r e l a t i v e  to the  metal, they s t i l l  can i n f l u e n c e  t h e  
packing of t h e  metal p a r t i c l e s .  The th ickness  of t h e  f i l m s  is a l s o  a 
s p e c i a l  problem because conta iner  e f f e c t s  have been observed i n  s t u d i e s  of 
random packing of spheres .  
EXPERIMENTAL CONDUCTORS 
A pla t inun  t h i c k  r1 .q  conductor having t h e  requirements l i s t e d  on page 
13 was needed f o r  a p r r ,  - t  i n  t h e  Turner Laboratory a t  Purdue Univers i ty .  
It was decided t o  t r y  apprzach B t o  achieve  high d e n s i t y  using t h r e e  d i f -  
f e r e n t  s i z e  platinum p a r t i c l e s ,  In  order  t o  achieve  t h e  d e s i r e d  r a t i o  be- 
tween diameters of success ive  s i z e  canges, the  s m a l l e s t  s i ze  was formed i n  
s i t u  by decomposing a platinum r q s i n a t e .  The v a r i a t i o n  of g r a i n  s i z e  w i t h  
f i r i n g  temperature of t h e  resinc.  e is shown on page 14. The s i z e  0.02 pm 
was assumed f o r  p a r t i c l e s  from t ,  is source  because that. was t h e  g r a i n  s ize  
corresponding t o  t h e  temperature a t  which a l l  of t h e  organics  had been re- 
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moved. 
The uniformity and p o r o s i t y  of t h e  f i l m s  were t h e  primary c r i te r ia  used f o r  
judging q u a l i t y .  The optimum volume f r a c t i o n s  of t h r e e  s i z e s  as pred ic t ed  
by t h e  model f o r  approach B is 64-26-10, as given on page 6. This  i n k  d i d  
g ive  lower p o r o s i t y  thar. any of  t h e  one or two * i z e  i n k s  s t u d i e d ,  b u t  was 
no t  as good as t h e  l as t  two i n k s  on page 15. These inks  had compositions 
a r r i v e d  a t  empi r i ca l ly .  
a t  t h e  top  and boitom of page 15 are shown on page 16, and i t  is obviovs 
t h a t  s e l e c t i o n  of p a r t i c l e  s i z e s  o f  t h e  conductor can make a very s i g n i f i c a n t  
d i f f e r e n c e  i n  f i l m  mic ros t ruc tu re .  
The r e s u l t s  ob ta ined  wi th  e i g h t  d i f f e r e n t  i n k s  are given on page 15. 
The d i f f e r e n c e  i n  m i c r o s t r u c t u r e  between t h e  i n k s  
4nother experimental  program had t h e  goal t o  develop s i lver  conductors 
with t h e  requirements given on page 17. 
and c o s t  was a very s i g n i f i c a n t  f a c t o r .  The primary c r i t e r i o n  used f o r  
eva lua t ing  v a r i o u s  inks w a s  t he  conductance per  gram of s i l v e r ,  o r  t h e  
s p e c i f i c  conductance as de f ined  on page 13, I f  one t akes  t h e  r a t i o  between 
t h e  s p e c i f i c  conductance of t w o  f i l m s ,  t h e  r e s u l t  i s  independent of t h e  
f i l m  geometry. The s i l v e r  inks were formulated as desc r ibed  on page 19, and 
t h e  r e s u l t s  w i th  6 d i f f e r e n t  mixture? of  p a r t i c l e  s i z e s  are given on page 20. 
Ink 6, which contained on ly  si lver p a r t i c l e s  17 urn diameter ,  was no t  an 
e l e c t r i c a l  conductor because t h e  very l a r g e  s i l v e r  p a r t i c l e s  d i d  n o t  s i n t e r  
du r ing  the  f i r i n g  a t  625OC f o r  10 minutes. The r a t i o  of 70-28-2 for t h e  
f r a c t i o n s  of t h r e e  d i f f e r e n t  s i z e s  i n  i n k s  1, 2 and 3 i s  c l o s e  t o  t h a t  
p red ic t ed  by t h e  t h e o r e t i c a l  model of approach R ,  b u t  w a s  a r r i v e d  a t  
empi r i ca l ly .  It can be  seen from page 20 t h a t  i n k  No. 1 with t h r e e  s i z e s  
uf s i l v e r  p a r t i c l e s  had a h ighe r  s p e c i f i c  conduc t iv i ty  of any of  t h e  f i l m s  
with on ly  s i n g l e  s i z e  p a r t i c l e s ,  b u t  t h e  o t h e r  two mixtures  d i d  not  have as 
high a s p e c i f i c  conduc t iv i ty  a5 two of  t h e  monosized inks .  The r a t i o  be- 
tween success ive  s i zes  f o r  t h e  t h r e e  mixed s i z e  i n k s  is shown on page 2 1  
along with t h e  s p e c i f i c  c o n d u c t i v i t y  r a t i o .  These r e s u l t s  r e f l e c t  t h e  in- 
f l uence  of  t h e  a b s o l u t e  s i z e  of t h e  l a r g e s t  s i lver  p a r t i c l e s  and its in-  
f luence  on s i n t e r i n g ,  as w e l l  as t h e  e f f e c t  of  t h e  r a t i o  o f  s i z e s ,  p a r t i c u -  
l a r l y  between t h e  l a r g e s t  and nex t  l a r g e s t  (d2 /d l ) .  
No. 1 are c l o s e  t o  those  c z l c u l a t e d  for dense random pack] -g by approach A 
(see page 7). 
This w a s  f o r  a consumer a p p l i c a t i o n ,  
The s i z e  r a t i o s  f o r  i n k  
SUMMARY 
The conclusions t h a t  can be  drawn from t h e  s t u d i e s  of  p a r t i c l e  s i z e  
d i s t r i b u t i o n  i n  t h i c k  f i l m  conductors are summarized on page 22. 
d i s t r i b u t i o n  of p a r t i c l e  sizes does have a n  e f f e c t  on f i r e d  f i l m  d e n s i t y  
but t h e  e f f e c t  is no t  always p o s i t i v e .  A proper d i s t r i b u t i o n  of  s i z e s  is 
necessary,  and wh i l e  the theo-- t ical  models can serve as guides t o  select- 
ing  t h i s  proper d i s t r i b u t i o n ,  improved d e n s i t i e s  can be  achieved by em- 
p i r i c a l  v a r i a t i o n s  from t h e  p r e d i c t i o n s  of t h e  models. 
Re  
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Page 2. Packing of Spheres 
GEOMETRY 
Closest Packed 
Body Centered Cubic 
Slmle  Cubic 
Dense Random 
Loose Random 
P - CN - 
12 0.26 
8 0.32 
6 0.48 
0 I .'b 
0,363' 8.5' 
7.1' 0.40b 
a. J,C. Berm1 and J. Hason, Nature, m, 910 (1360). 
b. G.D. Scott, Nature, m, 908 (1960) 
c. C.H. Bennet, J. A w l ,  Phvs., 9, 2727 (1972). 
Page 3. Two Models for Packing Two Sizes of Spheres 
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Page 4. Approach A 
1. Assume BCC Slnce CN - 7 . 1  - 8.5 
N spheres (dl) In  IlCC mocking 
6N tetrahedral sites 
3N octahedral sites 
f 1 I1 the larger tetrahedral sites w i  th spheres (d2) 
d2/dl I 0.291 
v 2  - 0.129 
Porosity - 0.219 
2. Comouter Modeling 
Best Amroach 
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Page 5. Approach B 
VI, V2 - solid volune of each size 
P1, P2 - W r e  volune associated with each slze 
Assune size 2 goes into the wrosltv of size 1 (d2/dl very small) 
v2 + P2 - P I  (1) 
A s s m  size 1 and size 2 have the some wcking. Then the w r e  
fraction wlll be the some. 
p - 2 -  - p2 
V1+P1 V2+P2 
Combining E3s. 1 and 2 gives 
v 2 . p  
"1 
v + v  Porosity - 1 - 2 - p2 
71 + P1 
(2)  
( 3 )  
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Page 6. Approach B (Cont'd) 
Sizes 1, 2, 3, ,.,.., I ,  ..*, n 
ASSMR? d l+ l /d i  < 0.01 
Assume a l l  slzes hove the sane wck lng  
Then 
V l + l ' V l  - p 
A n d  In general 
ExQmk 
3 slzes, P - 0.4 
w1 - 0.64 
q - 0.10 ~2 = 0.26 
Page 7. Two Sizes of Spheres 
-- 
Pocklng of  Slze 1 A B  A B A  B 
Simple Cublc 0.28 0,32 0.73 *O 0.27 0.23 
Body Centered Cublc 0-13 0.24 0.29 4 0,22 0.10 
Dense Random 0.17' 0,27 0.22- 4 0.23' 0,13 
0,6 
mode - 
0,26' 
Loose Random - 0.29 - <0.006 - 0.16 
'H.J, Frost and R, Rai, Corn. An. Cerom. SOC., C-19, l c ~ r u o r ~  !1982', 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
Page i3. Approach B: Layered Bed 
5- p2 
P -  P1+V1 - P2+V2 
.1X THE TWO SIZES 
V 2 
A v m x  - v2 + p2 - 1-P 
Y 1 for  dp/dl 0 A v - y A v m O x  
y - 0 for d2/dl - 1 
'C.C. Furnos, Ind. Eng, Chem., a, 1052 (1931) 
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ORIGINAL PAGE 
OF POOR QUALm 
Page 9. Effect of Size Ratio on Porosity With Approach B 
" 2 4  
I I I I I i i1 
0.15 0.2 0.25 0.30 0 0.05 0. I 
"2 
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Page 10. Uniformity of Mixing 
A Problem for Awroaches A ond B 
Introduce a degree of mlxedness w r m t e r  (H) 
H - 1 - 6/[~2(1-U2U ’’* 
6- std. aevlatlon of colnPosltiono1 variations 
A proposedo relctlonshlo IS 
where B, B, and B, ore bulk densities of real mlxtures, o fully 
umlxed system. and an ldeally mlxed system, resPectlvelv. 
Later workb has shorn, that PI and B (or flnal porosity) are mt 
unlouelv related, and o statistlcal aPDroach must be taken. 
a. D.W. Fuerstenau and J. Fouladl, Am. Cera. Soc. Bull., 
46, 821 (1967) 
b. G.L. Rsslng and C.Y.  Onocb. J. Am. Ceram. Soc., 63, 
1 (1978) 
Page 11.  
Theoretical studles’ predict and exwrlmentol studles’ conflrm 
thot the maxlmun correctlons due t o  M occur near the oPtlmun 
values of  V, predlcted by either Amroach A or Amroach B. 
TyPlcal Ponder mlxlng tdmloues give M values of 0.77 to 0.96. 
M values for roll m I ! l  blendlng of thlck film lnks? 
a,  C,L. Messlng cnd C . Y .  Onoda, J .  Am. Ceram, Soc., u, 1 (1978) 
D. C.L. Messtng and G.Y. Onoda, J. k,  Cera, Soc., & 363 (1978) 
Page 12. Special Problems With TF Conductors 
n1xedness 
Presence of Glass Frlt 
Availabilltv of Sited Ponders 
Alloying Reactlons 
Film Thlckness 
Page 13. Platinum TF Conductors 
Requ 1 remen t s 
1. No metal other than o l o t i n m  
2. SInele orlnt  
3. HfsheSt wssfble density 
4. Highest wsslble unlfonnftv 
5. Fire at 8M°C (0.55 1,) on almlna 
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ORIGINAL PAGE 1% 
OF POOR QUALL’iY 
Page 14. Variation of Grain Sizes With Firing 
Temperature of Platinum Resinate 
50 
40 
Firing Tine - 10ninutcs 
30 
20 
C 
9 
W 
- 
2 
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Page 15. Platinum Powders 
d l - 3 O u I I  
d 2 - l U n  
d3 - 0.02 M (frm resinate) 
ExPertmntal Platlnun Conductors Flred a t  850OC. 
L Dlfferent Shes 
dl *2 d3 Remarks 
100 very wrous, l a r e  open areas 
vem mrous, uniform 
50 large o m  areas 
20 closed wres 
10 low WfOSttY 
26 10 loner Porosity 
9 4 very low w r o s l  t Y  
10 2 lowest poros! rv 
--I 
185 
o ~ ~ ~ N A L  F W ?  yg 
POOR frttr;cin 
Page 1 6. Experimental Platinum Conductors 
in Transmitted Light i 1 90x1 
Page 17. Silver TF Conductors 
Rewirements 
1. Lowest possible cost (highest possible 
sPeclflc conductance) 
2. Slngle orlnt 
3. Very unlform fllms 
4. Fire at 625% (0.73 Tm) on POS 
Page 18. Specific Conductance Ratio (STR) 
swclflc conductance - SC - fj 
G - conductance of fllm 
W - welght of f i l m  
p - flim reslstlvitv 
d - fllm density 
A -  fllm length 
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Paga 19. Silver Inks 
Jnorsanlc Constituents 
1. 95 W o  silver of various wrticle slzes or mixtures 
of different wrtlcle sizes 
2. 5 w/o glass of cmsltlon 72 w/o PbO - 14 n/o E203 - 
14 w/o S102 sieved to -170 mesh 
Screenlno Agent 
1. 3 w/o ethel cellulose (N-300) 
2. 97 w/a d-terpineol 
Page 20. Composition and Specific Conductance 
of Silver Films 
Ink No. 
1 
2 
3 
4 
5 
6 
.65 
2 
- 
2 
2 
100 
- 
X of Ag Particle Slzes (ym) 
2 
28 
28 
7 
70 
11.5 
70 
17 
70 
100 
sc (S / rn )  
3.67 
1.43 
1.48 
2.45 
2.13 
0 
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Page 2 1.  Particle Size Ratios and Specific 
Conductance Ratios of Silver Films 
Page 22. Summary 
1. The dlstrlbutlon of metal wrtlcle slzes and the absolute 
shes affect flred film densltv. 
2, The Proper distributlon o f  metal wrtlcle slzes glves a 
hlgher density fllm than slngle slzed wrtlcles. 
3. The theoretical models can serve as guides to selectlw 
the proper dlstrlbutlon of metal wrtlcle slzes. 
4. Experimental studies are still required. 
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DISCUSSION 
WOW: I think probably in the real world you make a very fine particle and 
use coarse particles in your mix, and the very fine particles try to 
stick together and agglomerate by electrostatic forces, or align, so 
that is why you never have a mix completely as what you assume in the 
model. 
VEST: That certainly is true. In the platinum case, the second size I said 
were 1 micron. Well, the 1-micron were the agglomerate size. This was 
a platinum black, and the ultimate particle size was a few hundred 
Angstroms. Just because of what you were mentioning: there was 
agglomeration, and the agglomerate sizes were just about 1 micron. 
got this from SEM studies. Yes, that certainly is true. 
We 
WONG: In your model you are mixing two sizes, and this small particle size is 
supposed to fit in the hole. 
mass transport -- no aintering mass tramport occurring -- however, if 
you, from a sintering viewpoint, just use a fine particle size, just a 
single particle size, would that be better from a sintering viewpoint, 
from thermodynamics? 
What if you just assumed that there is no 
VEST: If you can get a high enough compaction to start with and you can go to 
the proper temperatures, a single-size, a small-enough-sized particle 
can give you very high densities of sintered mass, but if you have some 
constraints on your processing, then you can do better with a gradation 
of sizes. The presence of smaller spheres in the interstices of the 
bigger ones will enhance the sintering of the bigger ones, because as 
the smaller ones begin sintering they are also in contact with the big 
ones and they will attach themselves. So, as they begin to shrink, they 
give a compressive force to the bigger spheres and make them sinter more 
rapidly. 
presence of the smaller size. 
So you get enhanced sintering of the larger size due to the 
WONG: Again you have to assume that the small sizes go into the interstitial 
sites of the bigger ones. 
VEST: That is right. Again, if you are making a large body, using a single 
size, small size particle has many advantages, but for our conductors we 
don't want them to change dimetsions very much during firing. we want 
to keep our good line definition, so it is nice to have these big ones 
there, big particles that are forming the matrix, and then this isn't 
going to change much. 
smaller ones, enhance the sintering of the bigger ones, then we get 
closer to what we want, 
But then if we can fill up the holes in this with 
AMICK: Could you comment on why the 17-micron particles don't work better 
than the 7 in that silver-ink composition? 
VEST: It is because they are too big. The 17 by itself did not sinter; the 
mix did, and we get a number. 
AMICK: You have a bigger ratio difference with the 17 than you did with the 71 
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VEST: That i s  r igh t .  You have a bigger r a t i o  d i f fe rence  but you a r e  s t i l l  
not ge t l i ng  a s  much s in t e r ing  of the b ig  ones, which cons t i t u t e  the bulk 
of the silver, with the 17s as you a r e  with t k e  7s. 
these r e s u l t s ,  I think, a r e  ind ica t ive  of the f a c t  t ha t  you s t i l l  have 
very poor s i n t e r i n g  of the la rge  p a r t i c l e s ,  so t ha t  you have a l o t  of 
cons t r ic t ion  res i s tance .  You have very small s in te red  necks between the 
b ig  p a r t i c l e s  and so you a r e  ge t t i ng  cons t r i c t ion  r e s i s t ance  tha t  i s  
l imi t ing  the conductance. The presence of the  small p a r t i c l e s  did exert 
a force,  an influence,  in ge t t ing  s in t e r ing  but s t i l l  not as  much as  YOL) 
get  s t a r t i n g  with a 7-micron l a r g e s t  s ize .  
In  other  words, 
AMICK: Do you a l t e r  the r a t i o  t o  binder fo r  those two d i f f e r e n t  mater ia l s?  
Is there  binder i n  these systems? 
VEST: Oh, yes. Well, there  was when i t  was pr inted.  There was a screening 
agent used for  pr in t ing .  
AMIGK: Is there  g l a s s  a l so?  
VEST: Oh, yes. And it  i s  the same i n  a l l  of these. 
AMICK: The same r a t i o ?  
VEST: Yes. The same r a t i o  of metal t o  binder. 
GALLAGHER: In the r e a l  world, i n  some of these s o f t  metals l i k e  s i l v e r ,  how 
close a r e  they t o  being spher ica l?  
VEST: These p a r t i c l e s  a r e  very spher ica l .  They a r e  prepared tha t  way; the 
ones tha t  I used. You can get  spheres, you can get  f lake ,  you can ge t  
a l l  kinds of things.  
GALLAGHER: My second question involves f lake .  I think I have seen somewhere 
where spher ica l  powders have been mixed with f lake.  
xa t iona le  behind t h a t ?  
What is  the 
VEST: You have these flat:  p l a t e s  lying here ,  and you have l i t t l e  biL’l 
bearing between them; you get good contact.  
have heard used f o r  the adding the mixture of f l ake  and powder t o  simply 
a polymeric binder where you a r e  not f i r i n g ,  really. 
pressure contacts  when you have the l i t t l e  spheres contact ing t h e  f l ake ,  
so you w i l l  get cont inui ty .  You w i l l  break through the s t e a r a t e  coat ing 
tha t  had been on the s i l v e r s .  
That i s  the  r a t iona le  I 
You get  :.igher 
GALLAGHER: Would you care  t o  coament on tha t  s t e a r a t e  coat ing? 
VEST: Well, it is there.  It is  not a good e l e c t r i c a l  conductor. Somehow you 
have t o  overcame t h i s  i n  order t o  get  good conduction. 
GALLAGHER: Do you do i t  thermally,  or i s  i t  a t r i c k  of the  t rade? Any reason 
people don’t t a l k  about i t? 
VEST: I don’t know. There are some people here  t h a t  could probably coarment 
on tha t  but I am not one of them. 
STEIN: I thi k it is a trick of the trade. 
GALLAGHER: And here I thought only the plating people had problems and didn't 
want to talk about it. 
LANDEL: Regarding the question that was asked a moment ago about the 17- and 
Does the smaller particle in fact give you a lower 7-micron particles. 
sintering temperature? Is it small enough to get particle size efrects? 
VEST: Well, of course. 
LANDEL: The difference between 17 and 7. Does that lower the sintering 
temperature? 
work with 17 and you work with 7 -- 
If you just take that individual particle size and you 
VEST: I would end up with a larger ratio of sintered neck diameter to 
particle diameter for the 7 than for the 17 at the 6-25-10 minutes. 
That was the boundary condition on our process. 
LANDEL: Then that is the answer there. The smaller particle size, in fact, 
is easier to sinter. 
easier to sinter. 
It has a higher burface energy and therefore it is 
Sinters at a lower temperature. 
COMMENT: That is really quite a different model from the one that was 
proposed 
LANDEL: Well, yes. That is an added effect. It would have to be ruu in. 
VEST: Certainly. You see, with the 17s by themselves, there was not 
sufficient sintering at these conditions to even form a continuous 
network. Whereas with a 7, there was. Just looking at those results 
for monosized powders you can tell we have a definite difference in 
sintering with these different sizes at that temperature. 
LANDEL. Do you measure the packing density of the dry powders, and if so, can 
you use that i.n your evaluation? 
VEST: I would love to. I don't know how. I have looked at the density of 
the packed powder before sintering. If you very carefully dry, so as to 
remove all the organics without getting any sintering -- and you can do 
thh, if you are very careful, and then, of course, you have to be very 
careful in handling because the stuff would fall off the substrate -- 
but I don't know of a way of measuring the density of that powder 
compact. You know it has to be somewhat more dense than simple cubic. 
It is somewhere between there and body-sintered cubic. 
LANDEL: For the spheres it would be, ideally, 0.63. 
VEST: Yes, if it was closest packed. 
LANE)EL: Random packing. 
VEST: OK, for random packing. 
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LANDEL: Then someone said that if you get the small particle sizes then the 
agglomeration drives that up again, or drives that down in terms of 
packing density, to something like 80 .4 .  
factors. 
You have to trade off those 
VEST: Yes. Again we measure things such as dried-film densLty or dried-film 
thickness, but that is not something that you can really measure very 
accurately. You can measure the fired-film thickness quite well. The 
dried-film thickness doesn't have a smuoth surface. 
there, so you can use a light section microscope and you try to sit on 
top of one, but there is a lot of uncertainty in the measurement. 
Certainly, within what we have measured, it c m e s  down to this loose, 
random packing. But there is quite a bit or scatter. 
You hav? particles 
STEIN: A further comment on Brian's (Gallagher) question, which really 
deserves a bit more of an answer. 
particles that are coated with stearates or other things, they are not 
going to sinter very well -- particularly in the instance of people in 
this room who are firing very quickly for very short times at 
temperatures in the order of iOOoC. 
at temperatures higher than that, oi' else need a longer rime than a 
minute or two to be gotten rid of. 
will interfere with sintering. In the case of mixed spherical and 
platelike or flakelike particles, you have some relatively clean 
particles, you have some relatively dirty particles and you have all 
kinds of surface things; therefore, you get a combination of 
decomposition products coming off, sintering occurring simultaneously, 
and never, never do you have a completely organic burned-out system if 
you are firing for 30 seconds or one minute or so at 70OOC or 72OoC, 
or some such &ort time aL a relatively low temperature. 
particularly different from the thick-film hybrid microelectronics case 
where they are firing up at 8 5 0 O ~  or more, and you have ample time to 
burn out. Infrared firing is an example that makes this problem very 
difficult and should you get sintering of the silver, before reaching 
full burnout conditions, yc. are going to blow blisters and bubbles. 
That is, when you try to sinter 
Some of the organics can remain 
As long as they are present they 
This is 
GALLAGHER: Has ."one ever put a mi.ss spectro on the end of the furnace to 
see some other decomposition products? 
anybody. 
Just a general question to 
STEIN: There sre all sorts of hydrocarbon fragments. It has not been done at 
the end of a furnace, but it has been done. 
free-radical type fragments in the methyl and ethyl groups, and all 
sorts of things coming off. 
on the access of air. 
You get CO, C02, 
It is a wiid mixture. It depends very much 
Haw much air you have available. 
GALLAGHER: Does that mean that with some of these inks we have tr, force air 
into the furnace rather than just have a free air flow? 
STEIN: Absolutely. 
VEST: The air flow is one of the principal varia5les in the processing. 
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SOIIBERG: I would like to ask a question of Sid (Stein). You mentioned that 
some of the organics are still remaining with the spike firing. 
going through a burnout phase, am I not getting burn out between 
300% and SSOOC? I am referring to spike firing at 700°, but I 
am still going through burnout between 4000 and 5OOOC. 
getting rid of the organics ac that point? 
If I am 
Why am I not 
STEIN: Because the organics that are closest to the silver surface, in case 
of the silver, or to any metallic particle surface, are remarkably 
stable. At least you don't fully get rid of them. That monanolecular 
layer of materials stays there, well beyond the normal decomposition 
ranges that one expects. 
COMMENT: It is even difficult to reeove all the water fr-m the surfaces on 
the silicon. 
LANDEL: Plus, if it is stearic acid you are trying to remove, you are trying 
to decompose not with an organic but with a metal organic. so you are 
trying to decompose a salt. 
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